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Recyclable switching between nonporous and porous phases of a 
square lattice (sql) topology coordination network 
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A nonporous square lattice (sql) coordination network 
[Co(bipy)2(NCS)2]n (sql-1-Co-NCS) exhibits recyclable switching 
induced by CO2. The sorption isotherms are stepped with 
moderate hysteresis, temperature controlled and saturation 
uptake is fixed. Such switching, which has rarely been observed, 
offers the promise of exceptional working capacity for gas storage. 
This is the “Age of Gas” and new technologies will develop 
around the use of gases as fuels and chemical feedstocks.1 
Specifically, new approaches to gas storage, transportation 
and delivery are needed to address the large energy footprint, 
cost and/or risk associated with existing technologies such as 
compressed natural gas storage.2 Physisorption by porous 
materials offers great promise for improving the efficiency of 
gas storage, however, no porous material is yet close to 
meeting the requisite efficiencies for practical deployment in 
gas storage applications.3 This is mainly because physisorbents 
often suffer from two shortcomings: a) inappropriate sorption 
isotherms (Langmuir or type-I and/or low saturation uptake); 
b) poor recyclability and/or stability. The main issue with a 
type-I isotherm is that whereas the amount of gas adsorbed 
increases with pressure, the rate of adsorption falls with 
pressure. The resulting concave profile of type-I isotherms 
means that working capacity cannot reach saturation uptake 
as a considerable amount of sorbate must remain at the 
delivery pressure (Figure 1A). In order to overcome such 
limitations, it seems that physisorbents with more favorable 
sorption isotherm profiles will be needed to achieve the 
ambitious DOE gas storage targets.4  
Metal-organic materials (MOMs),5 such as porous 
coordination polymers (PCPs)6 and metal-organic frameworks 
(MOFs),7 represent a diverse and growing class of porous 
materials, mainly thanks to their modularity and amenability 
to design. Their potential utility in the fields of storage, 
separation, sensing and catalysis have already been explored.8 
Unlike traditional porous materials, they can offer exquisite 
control over pore size and pore chemistry when they are 
suited for crystal engineering approaches.9 However, although 
>20,000 porous MOMs exist in the literature,10 most are rigid 
physisorbents that exhibit type-I isotherms. A more desirable 
isotherm profile, a stepped or ‘S-shaped’ isotherm (i.e. type F-
IV11d), can occur when switching occurs between a nonporous 
(closed) and a porous (open) phase (Figure 1B).11 In principle, 
such sorbents will provide higher working capacity than rigid 
materials with type-I isotherms and similar saturation uptakes 
(Figure 1). However, to our knowledge very few such materials 
are known (Table S4).12 
 
Figure 1. Comparison of working capacity for a rigid porous 
material (A) vs. a switching material (B) with similar saturation 
uptake. 
Three-dimensional MOMs have been studied for storage 
applications but generally exhibit low working capacities due 
to the aforementioned type-I isotherms.13 Many MOMs also 
suffer from issues such as hydrolytic instability and poor 
recyclability.14 Layered coordination networks are a class of 
materials that are known to exhibit stepped isotherms,11b,11c 
and that there is low mechanical strain in both the closed and 
open phases could enable recyclability.14a,14b In addition, if 
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such materials exhibit intercalation of guests between layers in 
a manner similar to that of clays, then increased uptake 
capacity is expected. In this context, the square lattice (sql) 
coordination network [Cu(4,4′-bipyridine)2(BF4)2]n, commonly 
known as ELM-11, exhibits switching behavior in the presence 
of CO2, N2, O2, CH4, C2H2 and n-butane.
11b,15 Despite these 
promising results, layered materials remain underexplored 
with respect to their gas sorption properties. 
The prototypal coordination network with sql topology was 
reported by Fujita’s group in 1994.16 Such sql coordination 
networks can be typically prepared in a one-step self-assembly 
process and that they are amenable to crystal engineering. 
Specifically, combinations of octahedral metal nodes, M, 
counter anions, A, and linear ditopic “spacers” or “linker” 
ligands, L, generally afford sql coordination networks of 
formula {[M(L)2(A)2]∙x guest}n. There are just a few example of 
gas sorption studies of these layered materials.17 In this 
contribution, we report that a sql coordination network, 
[Co(4,4′-bipyridine)2(NCS)2]n, sql-1-Co-NCS, exhibits recyclable 
switching from its previously reported closed phase18 into a 
newly reported CO2-loaded porous phase. 
Single-crystals of {[Co(bipy)2(NCS)2]∙2TFT}n sql-1-Co-
NCS∙2TFT (bipy = 4,4′-bipyridine, TFT = α,α,α-trifluorotoluene) 
were prepared via solvent diffusion (synthesis details are 
available in Suppor,ng Informa,on†). The closed phase sql-1-
Co-NCS was isolated by heating sql-1-Co-NCS∙2TFT at 45 °C 
overnight under vacuum. The CO2 loaded phase (sql-1-Co-
NCS∙3CO2) was prepared by exposing sql-1-Co-NCS to 1 bar 
CO2 at 195 K. Variable temperature powder X-ray diffraction 
(VT-PXRD) patterns (Figure S4) indicate that sql-1-Co-NCS∙2TFT 
loses guest at 60 °C to form sql-1-Co-NCS at 70 °C. TGA of sql-
1-Co-NCS∙2TFT (Figure S5) reveals a TFT weight loss of 35.5% 
(calculated 37.5%) around 110 °C whereas no weight loss was 
observed for sql-1-Co-NCS at the same temperature, indicating 
that TFT molecules are completely removed. 
X-ray structural studies reveal that sql-1-Co-NCS, sql-1-Co-
NCS∙2TFT and sql-1-Co-NCS∙3CO2 all exhibit space group C2/c 
(Table S1 and S2). The expected sql topology is sustained by 
Co(II) ions coordinated at equatorial coordination sites to bipy 
linker ligands. Terminal NCS- anions coordinate at the axial 
positions (Figures S24-S26). Although the effective pore size of 
each sql coordination network is similar (~ 7.5 Å), their 
geometric features are different. For the open phases, square 
grid angles are close to 90° whereas more acute angles (75.3 
and 104.7°) are seen in the closed phase. There is also 
variation in the ∠ Co-N-CS angles for the sql coordination 
networks (Table S3). The crystal structures reveal that bipy 
ligands adopt two conformations: 50% coplanar and 50% 
twisted. The torsion angles for the twisted bipy linkers vary 
from 43.6° to 64.1° and are likely influenced by host-host/host-
guest interactions, including CH…π and CH…S interactions 
(Figure S23). The sql networks are staggered relative to each 
other so that the terminal NCS ligands orient to the cavity of 
the adjacent layers, increasing the packing efficiency. 
To investigate gas sorption properties, samples of sql-1-Co-
NCS∙2TFT were first activated to afford sql-1-Co-NCS and then 
N2 and CO2 sorption isotherms were recorded at 77 K and 195 
K, respectively (Figure 2A). The N2 uptake of sql-1-Co-NCS at 
77 K was found to be negligible (ca. 1.5 cm3/g at 80 kPa), 
consistent with surface adsorption only. However, the 195 K 
CO2 isotherm of sql-1-Co-NCS exhibits a stepped isotherm with 
a sudden adsorption step occurring at 10 kPa and a sudden 
desorption step at 8 kPa. The observed isotherms are 
consistent with “switching” behaviour of the type associated 
with ELM-11.11b Such closed-to-open isotherm profiles are rare 
and are yet to be classified by IUPAC.19  
 
Figure 2. (A) N2 (77 K) and CO2 (195 K) sorption isotherms for 
sql-1-Co-NCS. (B) High-pressure CO2 sorption isotherms for sql-
1-Co-NCS collected at 253, 265, 273, 283 and 298 K. 
The high-pressure CO2 sorption isotherms of sql-1-Co-NCS 
were also measured (Figure 2B). The CO2 sorption isotherms 
reveal a relationship between the gate adsorption pressure 
(Pga) and temperature with Pga values of 27, 15, 10, 7.1 and 4.0 
bar at 298, 283, 273, 268 and 253 K, respectively. The 
corresponding gate desorption pressures (Pgd) occurred at 21, 
12, 8, 5.6 and 3.2 bar, respectively. The temperature and gate 
opening/closing pressures were fitted with the Clausius–
Clapeyron equation (Figure S8); revealing formation enthalpy 
of the clathrate ΔfH, to be ca. 26.2 kJ/mol, and dissociation 
enthalpy, ΔdH, to be ca. 26.1 kJ/mol. That there is no reduction 
in uptake with temperature is atypical of rigid porous materials. 
We attribute this phenomenon to full loading of the open 
phase at the pressures and temperatures studied. 
To investigate the recyclability of sql-1-Co-NCS, we first 
collected the low and high-pressure CO2 sorption isotherms at 
195, 273, 283 and 298 K three times with the same batch of 
sorbent (Figures S9-S12). The results indicated good 
recyclability. We then conducted 100 cycles of high-pressure 
CO2 adsorption-desorption at 273 K (Figure 3 and Figures S13-
S22). The measurement pressures were recorded between 3.3 
and 21.7 bar. To optimise time efficiency, 10 data points were 
collected for each cycle, which required ca. 50 min/cycle. The 
CO2 uptakes for these 100 cycles ranged between 115 and 125 
cm3/g and revealed no obvious downward trend. 
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Figure 3. Sorption recyclability test of sql-1-Co-NCS at 273 K. 
Only the first and the last data points for each cycle are shown. 
To further understand the nature of the phase 
transformation induced by CO2, the structure of the CO2-
loaded phase was solved using synchrotron PXRD data. For the 
closed phase, sql-1-Co-NCS, the interlayer separation of 4.46 Å 
(Figure 4A), one of the shortest distances among related sql 
networks.20 This short interlayer separation is enabled because 
terminal NCS ligands can interdigitate adjacent layers. Upon 
introduction of CO2, the closed phase transforms to a more 
open CO2-loaded phase with an interlayer separation 
increased by ~20.9% to 5.39 Å (Figure 4B). The location of CO2 
molecules could not be determined crystallographically, but 
the number of CO2 molecules per formula unit (i.e. 3 CO2 
molecules per formula unit [Co(bipy)2(NCS)2]) was readily 
calculated from the saturation CO2 uptake (136 cm
3/g, 195 K). 
Recent simulation studies have provided insight into 
host/guest binding sites and mechanical understanding of 
switching behaviour.21 
 
Figure 4. The layered packing of the (A) closed (guest-free) and 
(B) CO2-loaded phases of sql-1-Co-NCS. 
The stepped isotherms measured at multiple temperatures 
exhibit the following features: 1) rectangular hysteresis, which 
means that sql-1-Co-NCS adsorbs CO2 at one pressure and 
releases it at a lower pressure; 2) a temperature controlled 
switching pressure, meaning that sql-1-Co-NCS can release 
adsorbate by temperature swing, e.g. by increasing 
temperature from 273 K to 298 K sql-1-Co-NCS can release 
almost all adsorbed CO2 over the range ca. 12–17 bar; 3) 
constant saturation uptake, a feature atypical of rigid porous 
materials, for which uptake tends to decline, often rapidly, 
with rising temperature. The latter observation implies that 
sql-1-Co-NCS can retain the same working capacity over a wide 
temperature range. 
In contrast to many MOMs, which tend to lose recyclability 
over multiple adsorption-desorption cycles,11d, 14a, 14b sql-1-Co-
NCS retains good recyclability even after 100 successive cycles. 
We ascribe this performance to low structural strain and the 
lack of any need for formation/dissociation of strong 
interactions between the adjacent layers during recycling.22 
The strong recyclability couples with sorption kinetics that 
enable sql-1-Co-NCS to release adsorbed CO2 within 30 min by 
pressure swing. When compared to ELM-11,17a, 17b the 
switching behaviour of sql-1-Co-NCS is quite different. First, 
sql-1-Co-NCS exhibits ca. 40 times higher gate opening 
pressure than ELM-11 at the same temperature. This results in 
turn in a wider hysteresis. Within the temperature range of 
273-298 K, sql-1-Co-NCS has a hysteresis width of 2-6 bar 
while that of ELM-11 has a width of 0.03-0.08 bar. This 
indicates that sql-1-Co-NCS may have a wider operating 
pressure range for CO2 storage. Second, the CO2 uptake of sql-
1-Co-NCS is temperature-independent whereas ELM-11 loses 
ca. 20% of CO2 uptake when temperature rises from 248 K to 
298 K. Third, sql-1-Co-NCS is hydrophobic whereas ELM-11 is 
hydrophilic. A vacuum DVS water vapour sorption experiment 
(Figure S6) revealed that sql-1-Co-NCS exhibits low water 
uptake (ca. 1 mmol/g), indicating surface adsorption or high 
hydrophobicity. We attribute this feature to the different 
counter anions present in sql-1-Co-NCS and ELM-11. PXRD 
experiments (Figure S7) confirm that sql-1-Co-NCS retains its 
structure after exposure to water vapour whereas ELM-11 
readily transforms to pre-ELM-11 even at ~10% humidity.23 
Although the ELM-11 transformation is reversible, it requires 
heating at 373 K under vacuum for regeneration. Finally, sql-1-
Co-NCS exhibits higher CO2 uptake. Of ca. 130 cm
3/g vs. ca. 80 
cm3/g for ELM-11. However, a recent study revealed that ELM-
11 features a double-stepped CO2 sorption isotherm with 
higher uptake than sql-1-Co-NCS.24 The second step occurs at 
P/P0 ~0.3, which is not precisely controlled by temperature 
and uptake reduces with increasing temperature. 
In summary, we report that a rare sudden switching 
transformation of a 2D square lattice coordination network, 
sql-1-Co-NCS, can be triggered by exposure to CO2. The CO2 
gate sorption pressure can be controlled by adjusting 
temperature while the saturation uptake is unaffected. The 
recyclability of sql-1-Co-NCS further suggests that 2D materials 
may overcome the limitations of 3D materials in terms of 
structural strain and stability over multiple adsorption-
desorption cycles. The stepped isotherms of sql-1-Co-NCS are 
highly desirable in that they maximise working capacity vs. 
traditional type I isotherms. The promising features of sql-1-
Co-NCS indicate that sql coordination networks can serve as 
platforms for enhancing the working capacity of gas storage by 
pressure or temperature swing. Further studies to explore the 
storage potential of sql-1-Co-NCS for other gases and vapours 
are in progress. 
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